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Highlights

COSMO-RS was used to predict properties of organic biphasic systems containing deep eutectic
solvents.

Biphasic systems studied theoretically aim to be applied to the separation of natural compounds.

COSMO-RS predicted well binodal curves and phase compositions of 4 components DES-based
biphasic systems.

Good prediction of partition coefficients were obtained for natural compounds in DES-based
systems.

Abstract

This study is aimed at evaluating the potential of the conductor-like screening model for real solvents
(COSMO-RS) in designing biphasic systems for the separation of natural compounds. This model was
used to predict binodal curves and phases composition of organic biphasic systems containing deep
eutectic solvents. The results obtained demonstrate that COSMO-RS in most cases predict the binodal
curves of the biphasic systems with a good precision. Moreover, the partition coefficients of six natural
compounds, namely quercetin, apigenin, coumarin, B-ionone, retinol, and a-tocopherol, were
evaluated, with COSMO-RS predictions showing excellent agreement with experimental data when the
compound partition significantly in both phases. Furthermore, COSMO-RS was able to effectively
capture the influence of changes in the system composition on partition coefficients. Thus, these
results indicate that COSMO-RS can be a powerful tool in the design of separation and purification
systems.

Keywords

Thermodynamic modelling, COSMO-RS, deep eutectic solvents, phase diagrams, natural compounds,
partitioning
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1. Introduction

Over the last decade, chemical processes that use solvents produced from renewable resources have
gained significant attention in the context of sustainable development. [1] Deep eutectic solvents (DES)
are a relatively new class of green solvents that were first proposed by Abbott et al.[2] They are a
mixture of hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) compounds, which exhibit
a significant negative deviation in melting point to ideal liquid mixtures.[3] The large deviation in
melting point is due to specific interactions, such as hydrogen bonding interactions, between
components of the mixture.[4] Recently, less toxic and more environmentally friendly HBA and HBD
compounds from renewable sources have been used to prepare deep eutectic solvents.

Several studies have shown that DES can induce a phase separation when mixed with two miscible
organic solvents. The biphasic systems formed are useful for partitioning natural compounds using
techniques such as centrifugal partition chromatography (CPC).[5—7] However, because of the large
number of DES available and the even larger number of organic biphasic systems (OBS) where they can
be used, and because of the diversity of extractable natural compounds, experimental screening of
such solvent systems and natural compounds as well as optimization of such separation systems is
time-consuming and tedious. In the specific case of CPC, good separation of analytes is generally
achieved with solvent system yielding partition coefficients for analytes ranging from 0.5 to 3 and
differing as much as possible from one another.[8]

To overcome this experimental issue, a theoretical approach, the conductor-like screening model for
real solvents (COSMO-RS), has gathered a lot of attention. This model is based on the description of
molecules using quantum chemical calculations and predicts thermodynamic properties of chemical
solutions, including vapor-liquid, liquid-liquid, and solid-liquid equilibria of chemical mixtures. [9-11]
Such a model is useful for calculating phase diagrams of solvent mixtures as well as partition
coefficients of natural compounds in biphasic mixtures. COSMO-RS has been previously applied to
alternative solvents to predict liquid-liquid equilibrium of binary systems based on ionic liquid and
water[12] or alcohols, [13] and various other molecular solutes.[14] Additionally, it has been
extensively used in order to study ternary liquid-liquid equilibrium, including systems containing ionic
liguids mixed with either aromatic and aliphatic compounds [15], or organic solvents and water.[16]
Liquid-liquid equilibrium of several systems containing a DES and organic solvents were also reported.
[7,17,18] Recently, we have used COSMO-RS in order to predict binodal curves for biphasic systems
containing heptane, ethanol, and either HBD compounds, such as glycerol, ethylene glycol, levulinic
acid, or the corresponding choline chloride-based DES. Moreover, it has been used to predict partition
coefficients of natural compounds in these biphasic systems. [7]

Recently, experimental binodal curves for organic biphasic systems containing heptane, a DES based
on choline chloride or thymol, and either ethanol, 1-butanol or ethyl acetate were measured by our
group using cloud point titration, along with the. partition coefficients of natural compounds in the
corresponding reported systems.[19] As part of an ongoing effort to use COSMO-RS model as a
predictive tool for optimizing new biphasic systems for the purification of natural compounds, in this
manuscript we first evaluate the performance of COSMO-RS in the prediction of binodal curves of
these systems. Various approaches to describe choline chloride with COSMO-RS will be explored and
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their impact on the calculations of the phase compositions formed with selected biphasic mixtures will
be assessed. Then, a database of 59 partition coefficients of six natural compounds partitioning in
eleven organic biphasic systems will be used to evaluate the COSMO-RS ability to predict partition
coefficients. The influence of the parametrization TZVP or TZVPD-FINE on calculations of Kp is
presented and discussed. Differences between these parametrization are the level of quantum
mechanical calculations (TZVP or TZVPD basis set) and the cavity construction algorithm (FINE).[20,21]
Finally, the influence of the amount of ethanol or 1-butanol in two biphasic systems containing
heptane and choline chloride:levulinic acid on the partition coefficients of retinol, b-ionone and
coumarin, predicted by COSMO-RS will be compared to experimental data.
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Fig. 1. Structure of all compounds described in this work. A: Compounds used to prepare
organic biphasic systems. B: Natural compounds used here.

2. Experimental procedure
2.1. Preparation of deep eutectic solvents

All chemicals including choline chloride (99% purity), levulinic acid (99% purity), coumarin (99% purity)
, B-ionone (99% purity), retinol (95% purity)as well 1- butanol (99.4% purity), and heptane (HPLC grade)
were purchased from Merck (Saint-Quentin-Fallavier, France) and were used without further
purification. The structure of the compounds is presented in Fig. 1 with the compositions and
abbreviations of the three DES based on choline chloride or thymol (HBA) mixed with ethylene glycol
or levulinic acid (HBD) are detailed in Table 1.
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Table 1

Compositions of the five DES

Abbreviation

HBA HBD

Molar ratio HBA:HBD

Ch:EG

Ch:LevA (1:2)

Ch:LevA (1:3)

LevA:Thym (1:1)

LevA:Thym (1:2)

Choline chloride Ethylene glycol

Choline chloride Levulinic acid

Choline chloride Levulinic acid

Levulinic acid Thymol

Levulinic acid Thymol

1:2

1:2

1:3

1:1

1:2

The abbreviations used to describe the biphasic systems here studied are detailed in Table 2.

Table 2

Compositions of the seven DES-based organic biphasic systems

Abbreviation

Solvent 1 | Solvent 2

Solvent 3

H/B/LevA

H/B/Ch:LevA (1:2)

Heptane | 1-Butanol

Heptane | 1-Butanol

Levulinic acid

Choline chloride - Levulinic acid (1:2)
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H/B/Ch:LevA (1:3) Heptane | 1-Butanol Choline chloride - Levulinic acid (1:3)

H/B/EG Heptane | 1-Butanol Ethylene glycol

H/EtOAc/LevA Heptane | Ethyl acetate | Levulinic acid

H/EtOAc/ LevA:Thym (1:1) | Heptane | Ethyl acetate | Levulinic acid - Thymol (1:1)

H/EtOAc/ LevA:Thym (1:2) | Heptane | Ethyl acetate | Levulinic acid - Thymol (1:2)

2.2 Experimental determination of the partition coefficients

Partition coefficients (Kp) of coumarin, B-ionone and retinol and were determined using a previously
reported procedure.[19] Briefly, 2 to 3 mg of a natural compound was dissolved in 5 g of biphasic
mixture. The tube was then sealed, mixed in a vortex for 1 min and left for equilibration overnight.
Around 1 mL of upper and lower phases of each tube were then collected using Pasteur pipettes. Each
phase was diluted 4 times in methanol and analysed by HPLC-DAD-ELSD. For each natural compound,
corresponding peak surface obtained using HPLC analysis (S) is proportional to the compound
concentration. Partition coefficient is calculated as a concentration ratio, and peak surface is linearly
correlated to concentration. Therefore, partition coefficient, Ky is calculated starting from peak
surfaces,[7] according to Eq. (1)

Sup
KD = Slaw (1)
with subscripts up and low referring to the upper and lower phases, respectively.

3. Modeling procedure

COSMO-RS was used to predict liquid-liquid equilibria (binodal curves) of organic biphasic systems and
the partition coefficients of natural compounds. All thermodynamics calculations were performed
using the software package COSMOtherm[22], with the BP_TZVP_21.ctd or BP_TZVPD_FINE_21.ctd
parameterizations. The o-profiles of heptane, 1-butanol, ethyl acetate, ethanol and ethylene glycol
were available under parameterizations TZVP and TZVPD-FINE in the database of COSMOtherm and
were used as is. The geometry and charge density of the remaining molecules were optimized using
the TZVP-COSMO and TZVPD-COSMO-FINE templates included in the COSMOconf software
package[23]. All calculations were performed at 25.0°C.

In agreement with previous studies, choline chloride was described either as a neutral pair with the
chloride anion interacting simultaneously with the hydroxyl group and two methyl groups of the
choline cation or as an electroneutral mixture of cholinium cation and chloride anion with or without
the chloride anion solvated by one molecule of 1-butanol.[7,24,25]

DES were first modelled as a pseudocompound with a fixed molar ratio. This allows the DES to remain
associated with both compounds partitioning in the same proportions between the two phases. In this
model biphasic mixtures are considered as pseudo-ternary systems. DES were alternatively also
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described as two independent compounds and biphasic mixture are then consider as quaternary
systems.

3.1 Modelling of binodal curves

When two immiscible liquid phases, generically @ and S, are at equilibrium, the activity of each
component is the same in both phases:

xE-yr=xf-yF(2)

where x¢ and x¥ are the mole fractions of generic component i in both phases and y¥ and y# are the
corresponding activity coefficients. Thus, Equation 2 is the main criterium for liquid-liquid equilibrium.
For ternary systems the software package COSMOtherm uses a fine mole fraction grid to search for
liquid-liquid equilibrium points by evaluating the activity of each component in the system, using the
model COSMO-RS, and verifying if Equation (2) holds. The well-established tangent plane criterion is
also calculated to ensure that the Gibbs energy minima found are global, rather than local extrema.

For quaternary systems, the same strategy used for ternary system could be applied but the resulting
equilibrium point would be a four-coordinate point which cannot be represented on a ternary diagram
and compared to experimental data. Therefore, two different strategies were used: first quaternary
systems were described as pseudo-ternary systems defining a DES as a mixture of two compounds,
namely HBA and HBD, always remaining associated in the same phase. Alternatively, binodal points
were obtained using liquid extraction calculation by testing different ratio of heptane and DES with an
increasing amount of the third solvent and by predicting if the points are monophasic or biphasic.

From the experimental equilibrium points available the binodal curve was correlated using the
Merchuk’s equation (3) to be able to interpolate and extrapolate the experimental data:

Wyer(waXD—CXWX3) (3)

where w; is the weight percentage of DES or HBD, w, the weight percentage of heptane and A, B, C
and D parameters obtained by regression of equilibrium points. These adjusted parameters together
with the coefficient of determination (R?) are reported in supplementary information in equations S1
to S9.

3.2 Prediction of partition coefficients

The partition coefficient of a solute at infinite dilution (K9) between two immiscible liquid phases at
equilibrium, generically « and £, defined as the solute molar concentration ratio between phases «
and B, is rigorously described by the following expression:

Usa — HSB\ Va
el 2 o

where g o and pg g are the infinite dilution chemical potential of the solute in phases @ and 8, v, and
vp are the molar volume of phases a and f3, T is the absolute temperature of the system, and R is the
ideal gas constant. In this work, COSMO-RS was used to calculate the infinite dilution chemical
potential of the solutes in the immiscible phases of the organic biphasic systems studied. The
composition of each phase (solute-free basis) was calculated as described in the previous section. The
infinite dilution chemical potentials, combined with Equation 4 allowed for the estimation of the
partition coefficient of the solutes.



182

183

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

205
206

207
208
209
210
211

4. Results and discussion
4.1 Selection of the molecular model of choline chloride

As a first step to the modelling of organic biphasic systems based on DES, the way of describing choline
chloride, a quaternary ammonium salt used as a HBA in DES, was studied within the framework of
COSMO-RS. Since its description significantly influences the calculations of thermodynamic
properties[26], DES were described as a mixture with a fixed composition, that is, both compounds
remain together and partition similarly between the polar and apolar phase. ChCl was here described
using three different approaches, namely as: i) a pair of ions, considering ions as fully associated; ii) as
a mixture of fully dissociated ions, described explicitly as separated ions; and iii) with the chloride anion
solvated by one 1-butanol solvent molecule. For that purpose, the influence of the choline chloride
description on the binodal curve of one biphasic system, namely H/B/Ch:LevA, was investigated. This
system was selected because the solvation of chloride anion in non-aqueous organic solvent has
previously been reported.[27] Only 1-butanol was expected to solvate choline chloride because
heptane is an apolar solvent, thus not expected to interact significantly with any ion present. Predicted
binodal curves for H/B/Ch:LevA using the three descriptions of choline chloride are plotted in Fig. 2
and compared to the experimental curve previously reported.[19] It appears that the description of
choline chloride as an ion pair produces the best description of the experimental data. The two other
descriptions led to an overestimation of the biphasic domain. These results suggest that ions probably
remain associated in this biphasic system, an observation in agreement with the organic nature of the
system. The fact that heptane and 1-butanol exhibit permittivity values of 1.9[28] and 17[29] means
that electrostatic interactions between ions are dominant over solvent-ion interactions, hindering the
solvation of chloride by 1-butanol and favoring the formation of the electroneutral ion pair. The
description of choline chloride as an associated ion pair was therefore selected for this study.

100
90

80

40
30
20
10
0 T T T T T T u —
0 10 20 30 40 50 60 70 80 90 100
wt% DES

Fig. 2. COSMO-RS binodal curves predicted for the biphasic system H/B/Ch:LevA (1:3). Black circles:
Experimental data [19]. Black curve: chloride described as an ion pair. Orange curve: choline chloride
described as an electroneutral mixture of cholinium and chloride ions. Blue curves: choline chloride
described as an electroneutral mixture of cholinium cations and chloride anions solvated with one
molecule of 1-butanol. All caclulations performed using TZVP marametrization and the DES compounds
as a pseudocompound.
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4.2 Binodal Curve Modeling.

COSMO-RS predictions for binodal curves are plotted in Fig. 3 along with experimental data previously
reported.[19] Predictions are generally in good agreement with experimental data even though the
calculated biphasic domain is overestimated, particularly at low heptane and DES content. Only for the
system H/B/EG, COSMO-RS significantly overestimates the biphasic region. For H/B/LevA and
H/EtOAc/LevA, COSMO-RS was able to predict equilibrium points on the entire binodal curve with a
good accuracy (see supporting information). For H/B/Ch:LevA, H/B/EG and H/EtOAc/LevA:Thym ,
automated liquid-liquid equilibrium procedure was unable to predict equilibrium points in the vicinity
of the critical point, providing however a good description of the binodal away from the critical point.
The equilibrium points provided were sufficient to reconstitute the whole binodal curve using a
modified Merchuk equation.[30] In this work, the best correlation of the binodal curve was obtained
using a modified Merchuk equation with four adjusted parameters, as shown in eq. (3). This model
allowed, for all binodal curves, a very good correlation with a R? value above 0.990.

Despite the fact that adding choline chloride to a given system leads to an increase in the biphasic
domain, COSMO-RS predictions show no significant differences between the binodal curves of
H/B/LevA and H/B/Ch:LevA, for instance. Similar results had been reported for systems containing
ethanol instead of 1-butanol.[7]

The influence of thymol and of the molar ratio of levulinc acid on the binodal curves of these systems
were described more satisfyingly than for systems based on choline chloride. Addition of thymol to
levulinic acid with a molar ratio 1:1 yields a drastic decrease in the biphasic domain compared to that
of system H/EtOAc/LevA. In such a case, COSMO-RS predicts correctly the behavior induced by the
addition of thymol. Similarly, the increase in the amount of levulinic acid to a molar ratio of 1:2 leading
to an increase in the biphasic domain of the phase diagram is also well described by COSMO-RS.
Nevertheless, at first sight, binodal curves of H/B/LevA:Thym and H/EtOAc/LevA:Thym, were described
less accurately than homologue systems containing choline chloride.

In this study, all systems were described as ternary systems, with the DES described as a
pseudocompound. This description is satisfactory when both DES compounds are hydrophilic and
therefore expected to remain together in the polar phase, such as in H/B/Ch:LevA and
H/EtOAc/Ch:LevA . Calculated and experimental binodal curves for H/EtAc/LevA:Thym as shown in Fig.
3D, appear to be in relatively good agreement together. But for such a system, describing a binodal
curve on a pseudo-ternary diagram cannot be considered accurate because assuming DES compounds
remain together in the same phase when immiscibility occurs, no longer holds. Given the different
polarities of levulinic acid and thymol, these are expected to partition differently when two immiscible
phases form. This implies that for a given mixture, the molar ratio of levulinic acid vs. thymol is not the
same in both phases. This has been confirmed by calculations for selected H/EtOAc/LevA:Thym
mixtures, shown in supplementary information in Table S-16. The binodal curve is therefore not
expected to be located on a ternary diagram heptane/ethyl acetate/DES, but rather on a quaternary
diagram heptane/ethyl acetate/levulinic acid/thymol. Nevertheless, plots of the binodal curves for
thymol-based systems as pseudo-ternary diagrams were used in this work for comparison purposes.

Overall, results presented here show that the systems based on 1-butanol or ethyl acetate are
described better than those based on ethanol. In a previous work[7], discrepancies were observed
between experimental and theoretical binodal curves for systems containing heptane and ethanol that
were ascribed to the fact that COSMO-RS wrongly predicted a miscibility gap between these solvents.
In this study, COSMO-RS adequately reproduces the full miscibility of heptane with 1-butanol or ethyl
acetate with no biphasic mixture predicted. This is most probably due to the lower polarity differences
between these three solvents, as shown in Table 3. This allows a more accurate description of the
phase separation observed in these mixtures and of the corresponding binodal curves.



259
260
261
262
263
264
265
266
267
268

269
270
271
272

273

274

In an attempt to improve the description of binodal curves, molecules were described using the most
detailed level of description of the surface charge of a molecule available, namely the TZVP-FINE
parametrization, as opposed to TZVP previously used.[31] The binodal curves predictions using this
parametrization led to a significant increase in calculation time, typically increasing from from minutes
to hours. In some cases, the calculations did not converge, even after several days, and thus are not
presented in this manuscript. Unexpectedly, predicted curves using TZVPD-FINE parametrization
exhibit either minor differences with those obtained using the simple TZVP parametrization, such as in
the case of H/B/LevA, or a larger deviation than with TZVP parametrization, as found for
H/EtOAc/LevA:Thym. In the latter case, the biphasic domain overestimation is larger than that
obtained with TZVP description. No improvements using TZVPD-FINE rather than

TZVP was therefore observed for these binodal curves predictions. This result was somewhat expected
because TZVPD-FINE is the most advanced level for COSMO-RS calculations including a novel hydrogen
bonding term to enhanced predictions qualities for associating mixtures.[32]

Table 3

Octanol-Water Partition Coefficient for the solvents in OBS

LogKow
Heptane 4.662
Ethanol -0.31°
1-Butanol 0.88°

Ethyl acetate 0.73°

Levulinic acid -0.49b

Ethylene glycol | -1.36°

Choline chloride | -5.16¢

Thymol 3.3b

a: Ref [[33]]; b: Ref [[34]]; c: Ref [[35]]
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Fig. 3. Binodal curves for biphasic systems studied here. Black circles: Experimental points taken from
[[19]]. Black curve: caclulations made using TZVP parametrization and both DES compounds as a fixed
mixture. Green curve: caclulations made using TZVP parametrization and DES compounds as
separated. Blue curves: Calculations using TZVPD-FINE parametrization and DES as a fixed mixture.
Dashed lines correspond to experimental tie-lines obtained starting from a mixture with a
37.5/25/37.5 composition of Heptane/ Ethyl acetate or 1-Butanol/ DES or HBD. A: H/B/LevA; B:
H/B/Ch:LevA (1:3); C: H/EtOAc/LevA; D: H/EtOAc/LevA:Thym (1:2); E: H/B/EG.
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4.3 Prediction of tie-lines.

In a second step of this work, composition of immiscible phases obtained after preparing an initial
mixture located in the biphasic region of a phase diagram, were evaluated. Two types of biphasic
mixtures were selected: Systems with a fixed composition, of 37.5 wt% of heptane, 25 wt% of butanol
or ethyl acetate, 37.5 wt% of LevA, Ch:LevA or LevA:Thym and systems containing heptane, methanol,
menthol and levulinic acid previously reported in the literature.[6] Mass ratios and phase compositions
were calculated using COSMO-RS and compared to experimental data. Compositions for the initial
mixture and the resulting immiscible phases are aligned along tie-lines and are plotted in Fig. 3.
Calculated and experimental concentrations taken from previous references [6,19] for each compound
in the phases at equilibrium are presented in Tables 4 and 5.

It first appears that experimental and calculated tie-lines plotted in Fig. 3 are in good agreement, being
close form one another and intersecting the binodal curves. Only system H/EtOAc/LevA:Thym exhibits
a deviation between binodal curves and tie-line ends, a result in full agreement with the fact that for
such a system, binodal curve and tie-lines are correlated only when presented in a quaternary diagram.

Calculations reported in Table 4 for systems containing 1-butanol or ethyl acetate exhibit less than 10%
deviation from experimental data. However, heptane, which is correctly described as being
predominantly present in the upper apolar phase, shows the largest deviation between calculation and
experiment. When the second solvent is relatively apolar, such as 1-butanol and ethyl acetate, heptane
is overestimated in the bottom phase. Amounts of 1-butanol or ethyl acetate are calculated with an
overall good accuracy.

For systems containing choline chloride or thymol, the composition of 1-butanol or ethyl acetate is
overestimated in the lower phases by approximately 10%. In contrast, the composition of levulinic
acid, which is relatively polar and expected to be located predominantly in the lower polar phase, is
described with good accuracy. As explained earlier in the manuscript, thymol is expected to partition
between the two phases and makes it more difficult for COSMO-RS to accurately predict the phase
composition in H/EtOAc/LevA:Thym(1:2).

In general, systems with only three components are described more accurately than those with four
compounds, possibly due to the complexity of the solution where the occurrence of multiple
interactions makes it difficult for COSMO-RS to account precisely for these interactions. The largest
deviations in the overall phase composition are observed for the bottom phase of H/EtOAc/LevA:Thym
(2:3). This suggests that the phase volumes are not well described since the composition of the upper
phase in such a system is quite accurate.

Table 5 reports the calculated values for phase compositions of biphasic system containing heptane,
methanol, and a DES. These results show that, in the absence of methanol, the system composed of
heptane, menthol, and levulinic acid exhibits an upper phase mostly containing heptane, while the
lower phase contains the most polar compound, levulinic acid. However, COSMO-RS predictions of
compound partitioning in this system are less clear. Specifically, levulinic acid composition in the upper
phase is overestimated, resulting in an underestimation of heptane. In the lower phase, menthol is
overestimated, while levulinic acid is underestimated. This suggests that COSMO-RS describes
immiscible phases with a difference in polarity lower than expected from experimental data.

The addition of methanol to the system results in experimental data showing that the upper and lower
phases consist of heptane/menthol and methanol/levulinic acid mixtures, respectively. COSMO-RS
correctly predicts phase separation, but both phases contain excessive amounts of methanol and
levulinic acid in the upper phase, and too much heptane and menthol in the lower phase. Moreover,
the higher the concentration of methanol in the mixture, the larger the overestimation for the
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concentration of heptane in the lower phase. This discrepancy is related to the model’s ability to
describe a miscibility gap between methanol and heptane, but with a significant overestimation of the
solubility of heptane in methanol. However, increasing the amount of methanol leads to a better
agreement between experimental and calculated concentrations of menthol in both phases. Regarding
levulinic acid, COSMO-RS overestimates its affinity for the apolar phase. Despite the discrepancies
observed in systems containing methanol, these results demonstrate that COSMO-RS is a valuable tool

for predicting composition of the phases in equilibrium in complex biphasic systems.

Table 4

Phase compositions calculated using COSMO-RS for selected organic biphasic systems containing

butanol or ethyl acetate. Initial mixtures has a composition of 37.5/25/37.5. Experimental data are
taken from Ref. [19].

H/B/LevA H/B/Ch:LevA (1:3) H/EtOAc/LevA H/EtOAc/LevA:Thym (1:2)
Up Up Low Low Up Up Low Low Up Up Low Low Up Up Low Low
calc calc calc calc.
exp calc exp exp calc exp exp calc. exp exp calc. exp.
91. 85. 10. 11. 75. 65. 83. 75. 48.
Heptane /wt% 7 1 0 1 7 8 3.4 1.8 0 3 6.0 4.8 64.8 3 10.6 1.8
B or EtOAc 34. 33. 22. 29. 27. 19. 15. 20. 28. 23. 19.
Jwt% 9.4 9.6 0 8 0 1 7 8 9 6 31.3 8 20.3 5 29.6 8
56. 55. 2.3 48. 54. 1.1 66. 24,
LevA /wt% 1.1 53 0 4 5.1 6 2 4.1 62.7 4 3.0 9.7 17.5 3
0.0 20. 24. 18. 54.
Ch or Thy /wt% 0.0 3 3 11.9 5 423 2

Table 5

Phase compositions calculated using COSMO-RS for selected organic biphasic systems containing

methanol. Initial mixtures has a composition of 50 wt% of heptane and 0, 10 or 20 wt% of methanol.
Experimental data are taken from Ref. [6].

H/MeOH/Menthol/LevA
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50/0/29/21 50/10/23/17 50/20/17/13
Up Low Low Up Low Low Up Low Low
Up Up Up

calc. exp. calc. exp. | calc. exp. calc. exp. | calc. exp. calc. exp.

Heptane /wt% 559 62.8 4.2 1.9 59.5 67.8 | 114 5.1 65.6 79.1 | 23.6 8.8
Methanol /wt% - - - - 6.7 34 | 189 266 | 126 2.8 | 32.2 443
Menthol /wt% 31.8 348|189 57 | 245 271|227 128 | 161 174 | 20.1 17
Levulinicacid /wt% | 126 2.4 | 76.9 923 | 9.3 1.7 | 469 555 | 5.8 0.7 | 242 299
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4.4 Partition of Natural Compounds.

With the help of the composition of phases for all DES-based biphasic systems studied here, the
partition at infinite dilution of six natural compounds (quercetin, coumarin, apigenin, B-ionone, retinol
and a-tocopherol) were calculated and compared to experimental data from literature.[5-7,19]
Natural compound were added in small amount in biphasic systems in order to measured experimental
Kp values. Kp values calculated at infinite dilution and at a very low concentration, similar to those used
experimentally, were found to be equivalent. In addition, calculations at infinite dilution are more
straightforward than using a very low concentration of natural compound in the calculation. Therefore,
experimental data were compared with data calculated at infinite dilution. Experimental and
calculated values for partition coefficients are available in the supplementary information file. These
molecules are representatives of three major families of compounds occurring in plants (polyphenols,
terpenoids, vitamins) and are commonly used as model compounds since they cover a wide range of
polarities, functional groups, structures, and bioactivities. Mixtures with composition 37.5/25/37.5 for
six out of the seven biphasic systems mentioned here were used. The system H/EtOAc/LevA:Thym 1:1
was excluded because the composition 37.5/25/37.5 yields a monophasic solution. Experimental and
predicted values of the partition coefficients are given in supporting information (Table S-31 to S-36)
and a parity plot is shown in Fig. 4 and Fig. 5 to give a overview of the prediction quality using TZVP or
TZVPD-FINE parametrization for different values of the partition coefficients. Root-Mean-Square
Deviations (RMSD) between experimental and predicted values are given in Table 5.

39

Log(Kp)calc.
()
®
®

Coelk
¥ - og(Ko)exp.

Fig. 4. Predicted values for the logarithm of partition coefficient of several naturel compounds as a
function of experimental values taken from ref.[[19]]. Calculations carried out using TZVP
parametrization. Blue points: quercetin. Orange points: apigenin. Purple points: coumarin. Yellow
points: B-ionone. Black points: retinol. Green points: a-tocopherol in biphasic systems studied here.
Corresponding values can be found in tables S-31 to S-36 of the supplementary file. Red dotted lines
represent a difference of + 0.5 log(Kp) between experimental and predicted values.
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Fig. 5. Predicted values for the logarithm of partition coefficient of several naturel compounds as a
function of experimental values taken from ref.[19]. Calculations carried out using TZVPD-FINE
parametrization. Blue points: quercetin. Orange points: apigenin. Purple points: coumarin. Yellow
points: B-ionone. Black points: retinol. Green points: a-tocopherol in biphasic systems studied here.
Corresponding values can be found in Table S-31 to S-36 of the supplementary file. Red dotted lines
represent a difference of + 0.5 log(Kpy) between experimental and predicted values.

Table 6

Root-Mean-Square Deviation between experimental, predicted partition coefficients, number of data
points and range of Log (Kp.exp) for each group of systems.

Overall H/B/DES or HBD H/EtOAc/DES or HBD | H/E/DES or HBD
TZVP TZVPD- TZVP TZVPD- TZVP TZVPD- TZVP TZVPD-
FINE FINE FINE FINE
RMSD 0,850 1,299 | 0,581 1,367 0,405 1,555 1,12 1,41
nbr points 59 22 10 27
Log(Ko.exp) 3.1t02.0 2.7t013 12t013 3.1t02.0
range

For -1< Log(Kp.exp) < 1 only
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394
395
396
397
398
399

400
401
402
403
404

405
406
407
408
409

410
411
412
413
414
415

416
417
418

RMSD 0,357 0,770 0,356 0,885 0,314 0,731 0,389 0,602

nbr points 29 13 7 9
Log(Ko.exs) -1.0t0 1.0 -0.9t0 1.0 1.0t0 0.0 20.8t00.8
range

A database of almost 60 partition coefficients was used in the model evaluation. Using TZVP
parametrization the partitions coefficients are generally in good agreement with experimental data. A
value of 0.85 for the overall RMSD for Log(Kp) is obtained. Moreover, when the experimental Log(Kp)
values range between -1 and 1, a RMSD value of just 0.36 is obtained. Outside this range, that is when
1 < log(Kp) < 1.5 and -1> log(Kp) > -1.5, deviations between experimental and computed values
becomes slightly more important. These predicted values are however still acceptable with a RMSD
value of 0.60 for 13 data points. However, COSMO-RS failed to properly predict values for Log(Kp)
above 1.5 or below -1.5 (RMSD= 1.42).

This inaccurate description of high partition coefficient values by COSMO-RS is nevertheless not
critical. A value for Log(Kp) above 1.5 implies that a compound partitions almost quantitatively to one
phase, since it corresponds to 97% of a compound partitioning to the upper phase. This implies that
the concentration of natural compounds in one of the phases is very small compared to that in the
other phase. Therefore, even a small prediction error of these concentrations can lead to a significant
deviation on the partition coefficient value.

These results imply that COSMO-RS describes well compounds that interact with both phases, but
somehow underpredicts the partition coefficients of compounds that partition extensively towards
one phase. In the case of application of such biphasic systems to the purification of natural compounds
using CPC, the most adequate values for log(Kp) are expected to range between -0.3 and 0.4 where
COSMO-RS seems to provide accurate predictions.

For systems containing heptane and a specific DES, and either ethanol, ethyl acetate or 1-butanol,
accordingly, RMSD values of 1.13, 0.59 or 0.40, are obtained respectively. This reveals that higher
deviations between calculated and experimental data are obtained in presence of ethanol. This result
is most probably due to the inaccurate description of heptane and ethanol miscibility by COSMO-RS,
as discussed earlier.

The use of TZVPD-FINE parametrization did not improve the predictions of partition coefficients.
Unexpectedly, this second parametrization led to larger deviations between experimental and
predicted values, with an overall RMSD value of 1.55 and a value of 0.77 when Log(Kp) values ranging
between -1 and 1 are taken into account. The better performance of TZVP could be due to different
interaction terms or the parameter sets. Discuss and find the specific reasons for these results is then
tedious and not straightforward.

To design systems for the purification of natural compounds, it is important to be able to adequately
describe the influence of the concentration of a given solvent, such as heptane, 1-butanol or ethyl
acetate. Experimentally, these studies are very time consuming, but using a model the assessment of
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the solvent effect can be carried out quickly. In this study, the partition coefficients of apigenin,
coumarin, ionone and retinol in systems H/B/Ch:LevA(1:3) and on H/E/Ch:LevA(1:2) containing equal
amount of heptane and DES and varying concentrations of ethanol or 1-butanol from 0 to 50 wt%,
were calculated. All mixtures modelled here are biphasic, in agreement with the phases diagrams
shown in Fig. 3. The results are presented in Fig. 6. For comparison, the experimental data available
[5] are also plotted.
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Fig. 6. Values for the partition coefficients of B-lonone, retinol and coumarin in systems
H/E/Ch:LevA(1:2) and on H/B/Ch:LevA(1:3) varying concentrations of ethanol and 1-butanol,
accordingly. For all compositions the amount of DES was keep equal to the amount of heptane. Open
symbols: experimental data for B-lonone taken from Ref [5]. Full symbols: experimental data from this
study. Lines: COSMO-RS predictions - Yellow: B-lonone; Blue: Retinol; Orange: Coumarin

The results of this study indicate that the partition coefficients (Kp) of B-lonone and Retinol in the
H/E/Ch:LevA(1:2) system decrease as the concentration of ethanol increases. In contrast, in the
H/B/Ch:LevA(1:3) system, the same compounds exhibit an increasing trend of Ky values with the
percentage of 1-butanol. Experimental data for B-lonone in the H/E/Ch:LevA[5] system are plotted in
Fig. 6, showing that the predicted values agree well with the experimental ones, albeit slightly
underestimating the partition coefficients. Overall, the COSMO-RS model provides a satisfactory
description of the observed decreasing trend of Kj values in the presence of ethanol, as the decreasing
polarity of the lower phase leads to a higher retention of apolar compounds in the lower phase.
Conversely, the higher concentration of 1-butanol in the top phase of the H/B/Ch:LevA system reduces
the polarity of this phase and favors the partitioning of these compounds from the lower to the upper
phase. The study of the phases compositions confirms that ethanol mainly partitions to the lower
phase of the H/E/Ch:LevA system, while 1-butanol is more concentrated in the upper phase of the
H/B/Ch:LevA system. This difference in polarity and distribution of the solvents explains the opposite
trends of K; values for B-lonone and Retinol in the two systems.

5. Conclusion

COSMO-RS has proven to be effective in predicting both phase diagrams of DES-based OBS and
partition coefficients of natural compounds in these systems. The present study employed COSMO-RS
to describe systems composed of heptane + ethyl acetate or 1-butanol + ethylene glycol, levulinic acid,
or the corresponding choline chloride or thymol-based DES. Predicted binodal curves were in good
agreement with experimental data measured by cloud point titration, although COSMO-RS was unable
to predict the binodal curve around the critical region in some cases.

The best description of the experimental data was obtained when choline chloride was dealt as an ion
pair rather than an electroneutral mixture with or without chloride solvation. Partition coefficients
were calculated for six natural compounds representing different chemical families and exhibiting
different polarities, and these were compared to experimental data. The overall RMSD value was 0.83,
which was satisfactory. When logarithmic values for the partition coefficients ranged between -1 and
1, the deviation between predicted and experimental values was low, with an RMSD value of 0.36.
Thus, COSMO-RS appears to be an accurate model for predicting partition coefficients when
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compounds are found at concentrations of the same order of magnitude in both phases. . Additionally,
COSMO-RS was used to describe the influence of the amount of ethanol or 1-butanol on the partition
of four natural compounds. The calculations were in agreement with the experimental data available
in the literature.

However, some limitations were also identified. Experimentally, adding choline chloride to a given
system was found to lead to an increase in biphasic domain. COSMO-RS was however not able to
predict this effect of ChCl and showed no significant differences between binodal curves for H/B/LevA
and H/B/Ch:LevA, for instance. No improvement was observed for these binodal curves or partition
coefficient of natural compounds in these systems when using TZVPD-FINE rather than BTZVP
parametrization. In general, systems with only three components are described more accurately than
those with four compounds, and systems containing methanol were not accurately described by
COSMO-RS. On the latter an overestimation of the affinity of methanol for the apolar phase was
observed. Despite these limitations, this work establishes COSMO-RS as a valuable tool for the design
of organic biphasic systems to be used in the purification of natural compounds.
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Highlights

COSMO-RS was used to predict properties of organic biphasic systems containing deep eutectic
solvents.

Biphasic systems studied theoretically aim to be applied to the separation of natural compounds.

COSMO-RS predicted well binodal curves and phase compositions of 4 components DES-based
biphasic systems.

Good prediction of partition coefficients were obtained for natural compounds in DES-based
systems.
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